Local thermal sensation modeling gained importance due to developments in personalized and locally applied heating and cooling systems in office environments. The accuracy of these models depends on skin temperature prediction by thermophysiological models, which in turn rely on accurate environmental and personal input data.
models can be clustered into two main categories: 1) thermophysiological (TP) models and 2) thermal sensation (TS) models, which are also referred to as psychological models, for example. 7 These two categories are connected in a general concept of human thermal modeling ( Fig. 1 ). This concept also includes that TP models require input of environmental variables (e.g., operative temperature, humidity, wind speed), two personal factors, namely clothing and metabolic rate and, optionally, individual characteristics (e.g., weight, height, age). Using this information, TP models calculate core, mean, and local skin temperatures (T core , T skin and T sk,loc ) as well as their time derivatives (dT/ dt) with the use of heat transfer and bioheat equations. Core and skin temperatures as well as the change in skin temperature are consecutively used to predict thermal sensation and comfort via a TS model.
TP models can also be divided into single-segment and multisegment TP models. Segments are representations of the body or body parts, consisting of one or multiple layers around a cylindrical or spherical core. In single-segment models, the exact geometry of body representation is less important and is used to define balances and characteristics. Multisegment models divide the human body into several body parts, and the geometry (radius, length, layer thickness, etc.)
becomes more important. Every segment is usually assigned its own heat and mass balance, which is then combined in a whole-body balance. Table S1 summarizes the most important attributes of selected thermal models in each of the defined categories. This study addresses specifically multisegment TP and coupled TS models.
Multisegment TP and coupled TS models are mainly applied to predict human whole-body thermal comfort in a built environment.
Recently, heating and cooling systems influencing also the climate of specific body parts (here referred to as local) were developed to improve the thermal comfort and energy balance in office buildings, for example. [12] [13] [14] [15] [16] Currently, these systems have to be tested with extensive human subject experiments. An accurate prediction of local and overall thermal comfort for these systems could help to preselect promising designs and improve the efficiency of human subject experiments. Therefore, the ability of thermal models to also predict local thermal comfort and sensation has to be re-evaluated.
In general, it is assumed that accurate prediction of local thermal sensation (LTS) depends on accurate local skin temperatures from TP models, which in turn need accurate local input values. The difficulty of obtaining precise input is different for environmental and personal parameters. Environmental conditions can mostly be easily obtained, as they are set or measured. However, personal factors such as local clothing values, metabolic heat production, and its local distribution over the body as well as local tissue insulation have to be estimated. The latter factor is, for example, discussed by Wijers et al. 17 and Veicsteinas et al., 18 but is not part of this article. The whole-body clothing and metabolic data as described in the standards were reviewed in a paper by
Havenith et al., 19 and suggestions were made for improvements. For instance, Havenith et al. 19 proposed to include clothing vapor resistance into thermal comfort calculations and to account for the effect of air and body movement on all clothing properties. Moreover, they question the precision of the measurements for metabolic rates and suggest enlarging the database for low-level activities. However, for local personal input data (clothing and metabolic heat production), the availability, the accuracy, and the limits have not been reviewed and discussed so far. To fill in this gap, this article gives an overview of present models and addresses the following three main topics:
• the necessity and availability of input data for local clothing properties and the options to account for changes in them due to air speed and body movement,
• the necessity and availability of metabolic heat production and its local distribution, and
• the effects of uncertainties of local personal factors on LTS modeling.
| REPRESENTATION OF CLOTHING IN THERMOPHYSIOLOGICAL MODELS
TP models account for sensible and evaporative heat loss from the clothed body to the environment. Sensible heat exchange consists of a conductive, radiative, and convective part. Conduction from the clothing surface to the environment is usually neglected, due to its small contribution to the overall heat losses. The radiative and convection heat are defined by: where σ is the Stefan-Boltzman constant (5.67 10
is the emissivity of the clothed body surface, and A r is the effective radiation area of the body (m²).
Mostly, convective and radiative heat losses (C + R) from the skin to the environment are considered together in:
where T sk is the skin temperature (°C), R cl is the thermal resistance of clothing (m
), and T a,o is the ambient operative temperature (°C).
The evaporative heat loss E sk can be written as:
where w is the total skin wettedness, P sk is the saturated water vapor pressure at the skin surface (kPa), P a is the water vapor pressures of the ambient air (kPa), and h e is the evaporative heat transfer coeffi-
).
The clothing properties' thermal resistance R cl , the evaporative resistance R e,cl and the area factor f cl have to be known to account for heat losses through clothing. The thermal resistance R cl is also often called clothing insulation I cl , which is then given in the clo unit
). The clothing insulation is part of the total insulation I T provided by the clothing and the adjacent air layer. The total insulation can be calculated from the clothing insulation, the insulation of the air layer I a , and the clothing area factor:
Evaporative heat losses are often calculated using the clothing permeability index i cl , which is calculated from the thermal and evaporative resistance, R cl and R e,cl , respectively, as well as the Lewis relation
All clothing properties are generally given as whole-body coefficients, and values are provided in current standard, for example, EN-ISO 9920 21 or ASHRAE/55. 
| Clothing in thermophysiological models
Multisegment TP models assign clothing separately to every simulated body part. However, the modeling of the local clothing is approached differently in the models and the required input data may vary as well (Table S2 ). In summary, the modeling of local clothing can be divided into three approaches:
• detailed differential equations for heat and mass transfer,
• integration of thermal and evaporative resistances for heat losses from the skin to the environment, and
• calculation of convective and radiative heat losses using the clothing temperature.
The first concept is used in the TP models by Stolwijk, 23 (1) and (2), an iterative procedure is performed to choose the correct clothing temperature.
| Local clothing insulation and evaporative resistance values
In current data bases, for example, EN-ISO 9920 21 and
McCullough, 29, 30 clothing insulation and evaporative resistance is given for whole-body approaches. Therefore, these values cannot be directly applied at local segments. Most TP models described in section 2.1 use their own local data, which are either measured for specific cases or taken from an in-house database, which is not publically accessible. Only a few articles were published on local clothing
properties, which will be presented here.
In the available literature, four studies were found which published sufficient data on local clothing insulation values: Curlee 31 and
Nelson et al., 32 Havenith et al., 33 Lee et al. 34 and Lu et al. 35 In Table 1 , local clothing insulation values for different body parts are given for 31 and Lu et al. 35 For example, the T-shirt is described in Curlee 31 as "broadcloth" and in Lu et al. 35 as "cotton." In Lee et al.
34
and Havenith et al. 33 no specifications of the materials are given. In all cases, the drape of the clothing or occurring air gaps are hardly described. All in all, these variations in methods and clothing specifications lead to a high uncertainty for the usage of these values in TP modeling.
Further values for clothing insulation and evaporative resistances can be found in studies investigating the effect of air speed and body movement on these values (see section 2.3). However, these studies mostly feature only one or two clothing ensembles.
| Effect of air penetration on clothing properties
Air penetration in clothing due to air or body movement reduces the clothing thermal insulation and evaporative resistance. This was shown in several studies for overall thermal insulation [36] [37] [38] [39] [40] and total evaporative resistance. 41 The standard ISO 9920 21 provides equations to correct the whole-body values for air velocity and walking speed. The same correction factor is applied for thermal insulation and evaporative resistance.
In the revised UC Berkeley clothing model by Fu et al. 42 different approaches to clothing insulation correction factors were compared
to the values given in ISO 9920. The authors concluded that the equations in ISO 9920 might be used as a first approach. However, for wind speed, it was said that the correction for the trunk might be overestimated, and for the extremities, it might be underestimated.
Furthermore, it was assumed that the equation for the evaporative resistance is also valid on segment level, but no investigation was performed yet.
Wang et al. ).
The results show that air speed reduced the local evaporative resistance at all body parts and the reduction ranges from about 50% up to 86% depending on the site. Walking speed reduced the local evaporative resistance, especially at distal body parts such as hands and calves. Additionally, the article provides correction equations for combined air and body movement. It was concluded that the measurements need to be conducted for more clothing ensembles and a larger variety of wind and walking speeds to facilitate proper use for where KVI and KVR are empirical parameters for calculating the heat and moisture transfer caused by ventilation, V wind is the wind speed of the environment, V walk is the walking speed, v 0 is a reference air velocity, T mc,i is the temperature of the microclimate, T a is the temperature of the environment, λ is the latent heat of evaporation of water, P mc,i is the water vapor pressure of the microclimate, and P a is the water vapor pressure of the environment. Moreover, the authors apply an electric circuit analogy including clothing ventilation and air penetration in a skin-clothing-environment system to calculate convective coefficients for heat and moisture transfer (Fig. S3 ). In Qian, 48 the constants KVI and KVR were derived based on measurements and regression analysis of whole-body thermal properties. Hence, the application at segment level might be questionable. Wan & Fan compared simulation and experimental results for mean skin temperature, but due to the whole-body nature of KVI and KVR, outcomes for local skin temperature might differ.
| Summary and discussion of necessity and availability of local clothing values
There is a variety of clothing models used for thermal modeling which can consider clothing on a body segment level (see Table S2 ). All in all, research for local clothing properties seems to lack dependable and consistent data to be used in TP modeling.
| METABOLIC RATE AND ITS DISTRIBUTION OVER THE BODY
The human body needs energy for maintaining the core temperature at approximately 37°C and for executing mechanical work. The energy is provided in a biochemical process at cell level, where food and oxygen are transformed to heat H and also external work W as well as carbon dioxide and water as released by-products. The detailed process can be found in standard literature for human biology or physiology, for example. 49 The total amount of energy converted (H + W) is referred to as (total) metabolic rate M. The metabolic rate is often provided in the met unit, which is based on the amount of energy used by a rest- Individual total metabolic rates can be measured by direct or indirect calorimetry. For direct calorimetry, the subject is placed in a whole-body calorimeter and the energy balance of this person is carefully considered. Indirect calorimetry measures the oxygen consumption and carbon dioxide production of a subject. Further details of the measurement methods can be found in Parsons 50 and Havenith et al. 19 or in the standard EN-ISO 8996. 51 Based on these measurements, empirical equations and generalized tables for a variety of activities are available. Empirical models calculate metabolic rates using, for example, the human's weight, height, or heart rate as input
where w is the weight (kg), h is the height (cm), and a is the age (years).
Further equations are also summarized in Parsons. 50 Additionally, tables for metabolic rates of basic activities are provided in standard EN-ISO 8996 51 or ASHRAE/55. 4 Tabularized values give an approximation for metabolic rates, but their error can be significant (up to ±50%), especially for activity levels over 3 met. 22 This uncertainty is mainly due to the differences in body composition of a specific subject and the average person in the model.
For temperature calculation in TP models, the metabolic heat production (H) has to be distinguished from the total metabolic rate (M) and the mechanical work (W). Thus, a mechanical efficiency factor η is introduced (14) , which then is used to calculate the metabolic heat production (15):
According to Parsons 50 and Wyistdham et al., 53 η ranges from zero for activities below 1.6 met and linearly increases up to 0.2 for activities from 1.6 to 5 met, that is, at least 80% of the metabolic rate is used for heat production.
| Local metabolic heat production in multisegment thermophysiological models
In multisegment TP models, the total metabolic heat production is the sum of the heat production in all tissue layers at all segments. In Stolwijk's model, 23 the heat production is split up into three parts: 1) local basal heat production in all tissue layers (total of 0.8 met), 2) extra metabolic heat production in the muscle layers due to activity >0.8 met (muscular heat production), and 3) heat production due to shivering (not discussed here). The principle was adopted by the consecutive models of Fiala et al., 54 Huizenga et al. 55 and Tanabe et al. 28 where Δq m,bas is the change in metabolic heat production, q m,0,bas is the basal metabolic heat production, and T and T 0 are the actual and thermo-neutral temperature of a tissue layer, respectively.
The metabolic heat production in the UC Berkley model by Huizenga et al. 55 is calculated using the formulas by Harris &
where BMR is the basal metabolic rate (kcal day
), w is the weight (kg), h is the height (cm), and a is the age (years). In contrast to the other models based on Stolwijk, it is not mentioned how the heat is distributed over the body parts and their layers. However, as the model "is based on the Stolwijk model as well as on work by Tanabe in Japan", 55 the assumption can be made that the values for local basal metabolic heat production are similar to either of these models. In
Tanabe et al., 28 values for local basal metabolic rates are published, but no primary source is given.
Additional total muscular heat production H (see also (1) ) is added to the local basal metabolic heat of the muscle layers q m,bas,muscle with the means of distribution coefficients a m,w :
The first set of coefficients was published by Stolwijk and was based on bicycle exercises (see Table 2 ). However, these coefficients were kept constant for all activities including sitting and standing.
Fiala's model 27 adopted this basic principle, but the additional metabolic heat production in a muscle layer q m,w,muscle,Fiala depends also on the volume of the muscle V mus :
The distribution coefficients a m,w,i for standing activities are the same as in Stolwijk, 23 but for the upper body, the value is divided between neck, shoulders, thorax, and abdomen. In the case of sedentary work, Fiala 54 adjusted a m,w,i to higher values in the upper body (Table 2) . Lastly, Tanabe et al. 28 calculated the heat production in the muscle layers using equation (21):
where M is total metabolic rate and Metf muscle is the muscular metabolic heat distribution coefficient in Tanabe's model (Table 2) .
Similar to Stolwijk, the coefficients are not changed for different activities. 
| Discussion on local metabolic heat distribution coefficients
The heat production in muscle layers is determined by local metabolic heat distribution coefficients (LDCs). The amount of heat produced in a specific muscle layer depends on the intensity of the activity, but also on the type of and posture during the activity.
For example, walking at moderate speed and sorting books into a shelf can have similar activity levels. However, the muscles performing the work and therefore producing heat might be different.
Hence, the LDCs should be adjusted to different types of activity. In contrast to this reasoning, most current TP models adopted the LDCs based on bicycle exercise by Stolwijk 23 for all activities, even though, the activity level for riding a bicycle is higher than for other activities such as sitting or standing and the muscular activity is also different. Some adjustments to these LDCs were made empirically by Fiala 62 for seated conditions and by Tanabe et al. 28 for the distribution of muscle activity at the upper body ( 
| EFFECT OF LOCAL PERSONAL FACTORS ON LOCAL SKIN TEMPERATURE AND ITS IMPLICATION ON LOCAL THERMAL SENSATION
The previous sections showed that the literature provides different sets of clothing insulation values for a similar clothing ensemble, and also, varying LDCs. To assess the significance of the discrepancies in these input data, their effect on local skin temperature and ultimately on local thermal sensation (LTS) needs to be discussed. For this purpose, we computed the local skin temperatures in two cases:
1) for the four clothing sets listed in Table 1 and 2) for three sets of LDCs in Table 2 , two by Fiala et al. 62 and one by Tanabe et al. In case 1, the activity level was set to a value of 1 met to reduce the influence of heat production due to activity on the local skin temperatures. Furthermore, ThermoSEM uses the muscular heat distribution coefficients by Fiala et al. 54 for a seated position as default values (Table 2 , 40% relative humidity).
In case 2, we investigated two activities, namely standing and walking at 4.3 km h −1 resulting in activity levels of 1.2 met and 2.6 met, respectively. .
For all computations, the simulation time was set to 60 min and all skin temperatures were averaged over the last 45 min in each scenario. As the main interest was in the maximal possible deviation in skin temperature, this maximum difference for any body part x in case 1 and case 2 was calculated as follows: where ΔT sk,max,case1∕2,x is the maximum difference in skin temperature for any body part x in case 1 or 2 and T sk , "Scenario",x is the 45-min average of the skin temperature of any body part x in any scenario. For comparison, also the averages are calculated analog to (22) and (23) by dividing the sum of all the differences by the number of scenarios in each case.
Finally, in section 4.3, the impact of the temperature differences on LTS is discussed using the LTS model by Zhang. T o = 22°C and T o = 26°C, respectively. Furthermore, the difference in skin temperature does not necessarily relate to the difference in clothing insulation (see Table 3 ). For example, the difference in clothing insulation for the abdomen and foot is the same, but the skin temperature difference of the foot is much higher than the one of the abdomen. Additionally, also temperature deviations can be found at body parts without clothing for instance the forehead and hand.
The temperature deviations at non-clothed body parts and the lacking correlation between differences in clothing and skin temperatures may be explained by looking at the local heat balances in the TP models. At every body part, heat is gained through metabolic processes, lost to the environment due to the temperature difference between skin and environment, stored in the tissue layers, and exchanged internally via blood perfusion. When adding clothing insulation to the heat balances, this reduces the heat losses to the environment at the clothed body part. To restore a thermal balance (heat production equals heat losses), more heat should be removed via the uncovered body parts by increasing local skin temperatures. As heat is also exchanged internally via the blood perfusion, the clothing also indirectly influences other local heat balances. In detail, the heat fluxes of the blood flows from each body part are mixed in the central blood pool. From this step, the temperatures for the returning blood flows are calculated for the next simulation step. Some of these temperatures are corrected for counter current heat exchange that takes place due to closely located arteries and veins in some body parts. All in all, this physiological mechanism requires that the local clothing data are precise at all body parts.
The influence of operative temperature on the variation in the skin temperature differences is also due to its effect on the heat balances of the model. Firstly, higher operative temperatures lead initially to F I G U R E 2 Maximum and average local skin temperature differences for all four clothing data sets the thermoregulatory processes in the body and their implications for the local heat balances. On the one hand, in cold environments, vasoconstriction may occur in some body parts. This response decreases the blood flow and hence the heat exchange with other body parts.
In this case, the impact of clothing might be kept more locally. On the other hand, warm environments lead to vasodilation, that is, the blood flow to the body parts is increased. This process may lead to a larger influence of the calculated returning heat flux from the blood pool which depends on all other body parts. However, in the moderate conditions presented here, both processes are absent.
| Differences in local skin temperature for different distribution coefficients of local metabolic heat
The impact of different sets of LDCs was calculated for two activities for an average man without clothing. The maximum and average temperature difference in-between scenarios for these simulations are shown in Fig. 3 for the body average and for six separate body parts. In all cases, the temperature differences are equal to or lower than 1.3°C. When comparing the activity levels, the temperature difference is higher for upper arm, hand, and thigh and much lower for mean, forehead, and abdomen. Additionally, the temperature differences do not entirely relate to the differences in the LDCs (Table 4) , which is similar to the results for the local clothing. For example, the difference in LDCs for the hand is very low, but still a maximum skin temperature difference of 0.8°C can be seen. For the abdomen, the effect is reversed. Here, the variation in LDCs is larger, but the skin temperature difference is low. Also, differences in skin temperature for body parts without allocated muscular heat, for example, the forehead, are found, but they are below 0.3°C.
In the simulations of this section, the heat gain at the local balances is influenced by the sets of LDCs which determine how the overall metabolic heat production is redistributed to the local energy balances. As these heat balances directly relate to the skin temperatures, uncertainties in the LDCs may increase the error in predicting local skin temperatures. As discussed in the previous subsection on the effect of local clothing properties, the skin temperature of one body site is also affected by all other body parts through the internal heat exchange of blood flows via the central blood pool. The heat exchange might furthermore be influenced by vasomotion. Again, this physiological effect is not present in the presented simulations.
As discussed in section 3.2, the actual heat production in specific muscles also depends on the type of activity. The simulations for Fig. 3 are based on different LDCs which represent different types of activity. For example, the scenario "Fiala standing" was originally based on bicycle experiments by Stolwijk, and the scenario "Fiala seated" was fitted for a sitting position. Therefore, the comparison of the simulation results for the different sets of LDCs may lead by itself to some deviation in local skin temperature. However, in most TP models, one set of LDCs is set as default or the specific type of activity for which they were defined is not traceable, for example Tanabe et al. 28 Hence,
the comparison in this study shows the consequence when LDCs are not adjusted to the type of activity simulated.
The graphs in Fig. 3 also emphasize that the results for mean and local skin temperatures can be very different. Most of the current TP and coupled TS models (Table S1 ) are validated for mean skin temperature and overall thermal sensation (OTS), respectively. For expanding these models to local skin temperature and LTS, the impacts on the local heat balances, as discussed above, have to be carefully considered.
F I G U R E 3 Maximum and average temperature differences for all three sets of muscular metabolic heat distribution coefficients where T sk,loc is the local skin temperature, T sk,loc,set is the local skin temperature in neutral conditions (set point), T sk in the mean skin temperature, T sk,set is the mean skin temperature in neutral conditions (set point), and C1 and K1 are regression coefficients for a specific body part. As examples, the body sites upper arm and foot were chosen (Fig. 4) , as these locations showed the highest temperature differences in the simulations of the previous sections. Additionally, they have an important influence on the OTS and thermal comfort, as was discussed by Zhang et al. that LTS votes within a group of subjects vary between 2 steps on the sensation scale. 69, 70 This finding would be in line with the presented variation of thermal sensation for most body parts, excluding upper arm and foot. For the second perspective, researchers found significant differences in thermal comfort in scenarios, where the LTS was changed with environmental measures one step on the sensation scale. 71, 72 This implies that the input data of all body parts are critical for local thermal modeling.
All in all, this analysis shows that variations in local skin temperatures can result in large difference in LTS. Hence, the data for clothing properties and LDCs should be chosen carefully, to avoid false results.
| Limitation of the analysis
The analysis in sections 4.1 to 4.3 gives an example of how the deviations in local clothing properties or in LDCs can affect LTS. The results are dependent on the reliability of the used TP and TS model.
However, the impact of their inaccuracy on the conclusions is limited, because the same models were used in all cases. Furthermore, the simulations were simplified by implementing only uniform conditions, a single clothing outfit, and an average man. In contrast, studies on local heating and cooling deal with non-uniform conditions, a variety of clothing sets and divers human subjects. These variations may lead to even more uncertainties in the input parameters resulting in large variations in local skin temperatures. Therefore, additional data are required and it should be measured as accurate as possible.
| CONCLUSION
To help develop efficient local heating and cooling concepts as well as to test the comfort boundaries for non-uniform environments in modern buildings, local thermal modeling is required. Thermal sensation can be modeled with multisegment thermophysiological and coupled sensation models. These models calculate local skin temperatures and, furthermore, can account for local clothing properties as well as for changes in local metabolic heat. This study gives an overview of available local data, investigated their consistency throughout literature and examined their effect on local thermal sensation modeling.
The following conclusions can be drawn:
• Full and consistent data sets for local clothing properties including insulation, evaporative resistance, and their change due to air penetration are not fully available in published literature for a typical variety of office clothing sets.
• Distribution coefficients for muscular heat production are not verified for office activities, namely sitting, standing, and walking, but were adapted empirically.
• Variations in local clothing properties and in coefficients for muscular heat distribution affect the accuracy of the local sensation output (about one step on a nine-point thermal sensation scale per 1°C change in local skin temperature).
These conclusions lead to possible future research which could include the following:
• a systematic study on local clothing properties and their change due to air speed and body movement,
• development of feasible methods for measuring and validating local heat production.
Finally, as thermophysiological models aim to be applied in design phases of modern buildings and therefore might be used by building and civil engineers, an effort might be needed to include local clothing and local metabolic heat data in available standards.
